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INTRODUCTION

Tomato spotted wilt virus (TSWV) is the type member of the plant-infecting
Tospovirus genus in the family Bunyaviridae (Milne and Francki 1984) . The viral genome organization consists of three single-stranded RNAs: the large (L) negative sense RNA and the middle (M) and small (S) ambisense RNAs. Segment L (8.9kb) encodes an RNAdependent RNA-polymerase (RdRp) (de Haan et al., 1991) ; segment M (4.8kb) expresses from viral-sense (v) RNA the NSm which operates as a movement protein (MP) (Lewandowski and Adkins, 2005; Li et al., 2009; Storms et al., 1995) , and from viralcomplementary (vc) sense the precursor of surface glycoproteins G N /G C containing determinants for thrips transmission (Sin et al., 2005) ; and segment S (2.9kb) encodes a silencing suppressor NS S (Takeda et al., 2002) , in the viral-sense and the nucleopcapsid protein (N) from viral-complementary sense, used for encapsidation of viral RNA and, according to recent studies, facilitating long-distance movement (Feng et al., 2013; de Haan et al., 1990) .
The management of the disease caused by TSWV has been extremely difficult because of its broad host range and the resistance of the thrips vectors to insecticides (Boiteux and Giordano, 1993) . The highest level of resistance to TSWV was obtained by the introgression of the dominant single resistance genes Tsw in pepper and Sw-5 in tomato.
These genes were derived from Capsicum chinese and Solanum peruvianum, respectively (Boiteux, 1995; Moury et al., 1998; Stevens et al., 1991) . The resistance mediated by Sw-5
follows the gene-for-gene relationship (Staskawicz et al., 1995) (Spassova et al., 2001) . The Sw-5b gene encodes a protein of 1246 amino acids and it is classified as a member of the coiled-coil, nucleotide-binding-ARC and leucine-rich repeat group of resistance gene candidates (Meyers et al., 1999) .
Control strategies based on Sw-5 gene are affected by the emergence of TSWV resistance-breaking (RB) isolates able to overcome the resistance which have been reported in Republic of South Africa (Thompson and vanZijl, 1995) , Hawaii (Canady et al., 2001; Gordillo et al., 2008) , Australia (Latham and Jones, 1998) , Spain (Aramburu and Marti, 2003) and Italy (Ciuffo et al., 2005; Zaccardelli et al., 2008) . The lack of a TSWV infectious clone has hampered the study of the molecular mechanisms associated with Sw-5 RB isolates. Previous analysis based on a complete set of reassortants generated from infectious mixture of two isolates of TSWV showed that the M segment has a major role in overcoming the Sw-5 resistance (Hoffmann et al., 2001) . Moreover, the comparative analysis of nucleotide and amino acid sequences of RNA M from RB and non-resistancebreaking (NRB) isolates, revealed that the capacity to overcome the Sw-5 resistance was associated to the presence of a tyrosine or an asparagine at positions 118 (Y118) or 120 (N120) of the NSm protein, respectively (Lopez et al., 2011) .
In the present work, we have analyzed the role of the NSm protein in the resistance mediated by the Sw-5 gene by i), transient expression of the protein in Sw-5 resistant plants (tomato, Nicotiana tabacum and N. benthamiana) , in absence of other TSWV components;
and ii), using the heterologous viral system based on Alfalfa mosaic virus (AMV), that allows the functional exchangeability of viral movement proteins (MPs) assigned to the "30K family" (Fajardo et al., 2013; Melcher, 2000; Sánchez-Navarro et al., 2006) . The results indicate that the NSm is the Avr factor of the Sw-5b gene, in which the Y118 or N120 residues are crucial to overcome the hypersensitive response. For this purpose, three NSm genes derived from two Sw5-RB (GRAU and Llo2TL3) and one Sw5-NRB (Gr1NL2) TSWV isolates (Lopez et al., 2011) were used in the present study. Each NSm of the RB isolates is representative of one of the two amino acids proposed by López et al. (2011) to be associated with Sw-5 resistance overcome. Thus, while the NRB Gr1NL2 NSm (here after named as NRB) contains a cysteine and a threonine at positions 118 (118C) and 120 (120T), respectively, the NSm proteins of the RB Llo2TL3 (here after named as RB2) and GRAU (here after named as RB1) contain a tyrosine at position 118 (118Y) or an asparagine at position 120 (120N), respectively (supplementary Figure 1) . In a preliminary study we observed that the TSWV isolates et al., 2001) . In the chimeric constructs the heterologous NSm proteins were extended with the C-terminal 44 residues (A44) of the AMV MP, to allow a compatible interaction with the AMV coat protein (CP) (Sánchez-Navarro et al., 2006) .
RESULTS
Transient expression of TSWV NSm protein in
Cell-to-cell movement of the AMV RNA 3 hybrids was studied by inoculation of T7 transcripts generated from the pGFP/NRB:A44/CP, pGFP/RB1:A44/CP and pGFP/RB2:A44/CP plasmids into transgenic N. tabacum plants that express constitutively the P1 and P2 polymerase proteins of AMV (P12) ( Fig. 2A ). All constructs resulted in clear fluorescent infection foci at 2 dpi ( Fig. 2A) indicating that the three NSm proteins were competent to support the local transport of the hybrid AMV RNA 3. However, the analysis of the area of fifty independent foci at 2 and 3 dpi revealed that the foci derived from the pGFP/RB2:A44/CP construct were significantly smaller than those generated by pGFP/NRB:A44/CP and pGFP/RB1:A44/CP constructs (Student t-test, p<0.05) (Fig. 2B) .
Analysis of the replication of the constructs on P12 protoplast (Fig. 2C ) did not suggest 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 significant RNA accumulation levels differences that could account for differences observed in the cell-to-cell movement.
The capacity of the different TSWV MPs to support the systemic transport of the AMV RNA 3 also was analyzed. For this purpose, we used the wild-type AMV RNA 3 constructs since the RNA 3 derivatives carrying the GFP reporter gene do not support systemic movement in P12 tobacco plants (Sánchez-Navarro et al., 2001) . First, we observed that the different AMV RNA 3 hybrids accumulated comparable levels of RNAs 3 and 4 in P12 protoplast (Fig. 2D ). The accumulation and distribution of the chimeric RNA 3s were then analyzed in inoculated and upper not inoculated leaves of P12 plants by tissue printing of petiole cross sections, in which positive hybridization signal always correlated with the presence of the virus in the corresponding leaf, as described previously (Fajardo et al., 2013; Mas and Pallás, 1995; Sánchez-Navarro et al., 2010) . Results showed that, despite the differences observed in local movement, all AMV RNA 3 constructs were able to support systemic movement, infecting all upper leaves of P12 plants (Fig. 2E) .
Analysis of the capability of the different AMV derivatives to overcome the resistance conferred by Sw-5 in tomato and transgenic N. tabacum plants
In the next step we analyzed the capacity of the hybrid AMV to infect Sw-5 resistant (Cultivar 'Verdi'; lanes 1 in Fig. 3 ) or TSWV-susceptible ('Marmande'; lanes 2 in Fig. 3) tomato cultivars. Therefore, the tomato plants were inoculated with wt AMV RNA 1 and RNA 2, purified CP and wt or chimeric RNA 3 constructs. Northern blot analysis of the inoculated tomato leaves in Fig. 3 shows the accumulation of the RNA 4, derived from the corresponding viral RNA 3. Similar accumulation levels were observed in the resistant or and Nt/Sw5-b plants were inoculated as described above. The accumulation of the viral RNA on inoculated leaves was analyzed by Northern-blot at 7 dpi (Fig. 4) . All AMV RNA 3 derivatives supported comparable levels of viral RNA 3 and 4 accumulations in Nt/wt and Nt/Sw5-b plants, except for the construct containing the NRB gene in Nt/Sw5-b plants, which accumulated 65% less efficiently (Fig. 4, lane 3) . These results were equivalent to those obtained in resistant tomato plants (see above). We analyzed also the capacity of the 
Mutational analysis of the RB and NRB NSm proteins
The amino acid alignments among RB and NRB NSm proteins pointed to the idea that the capability of TSWV to overcome the resistance mediated by Sw-5 might be exclusively due to single changes present at residues 118 (Y) or 120 (N) of the NSm protein (Lopez et al., 2011) , which are representative of the RB2 or RB1 NSm isolates analyzed herein. We cannot exclude, however, that other residues might be also contributing.
Therefore, to analyze this aspect, we performed a mutational analysis using the RB1 and NRB NSm proteins, which differ only in two residues (RB2 and NRB differ in three 
Competition assays
The presence of the TSWV RB isolates was associated mainly to Sw-5-resistant tomato crops, with scarce or null presence of these isolates in susceptible crops. This observation could suggest a fitness cost for RB TSWV isolates. The results obtained with the AMV model system and the different NSm proteins could suggest a possible fitness 
DISCUSSION
The present analysis was addressed to experimentally confirm previous data suggesting that the NSm protein is the Avr determinant of TSWV in the resistance Furthermore, the differences between the NRB and the RB1 NSm proteins are exclusively located at position 120 (T or N) and 130 (V or I) but only the former was previously suggested by López et al. (2011) as responsible for overcoming the Sw-5 resistance and it is necessary and sufficient to trigger the necrotic response (see below).
Here we demonstrated that two (RB1) or three (RB2) residues confer the capacity to overcome the Sw-5 resistance. Based on the gene-for-gene model of disease resistance described by Flor (1971) , the few amino acids changes observed in the RB NSm proteins will maintain the pathogenic function but no longer the participation in the recognition event with the host resistance factor (Fraser, 1990) . In agreement with this, we demonstrated that the two RB1 and RB2 proteins are still competent for the local and et al., 1989; Calder and Palukaitis, 1992) , the RNA polymerase (Meshi et al., 1988; Padgett and Beachy, 1993) or the CP (Saito et al., 1987; Dawson et al., 1988) of tobamoviruses or the NSs protein of TSWV (Margaria et al., 2007; de Ronde et al., 2013) .
Another aspect was to know how the critical residues required to overcome the Sw-5
resistance affect the functionality of the NSm proteins. This aspect was studied by using the AMV model system. The absence of other TSWV components in the AMV system allowed us to correlate any effect on the viral transport with the different residues present in the NSm protein although we cannot discard that the observed effect could be specific of the heterologous AMV system. Taking this in consideration we observed that the three NSm The AMV hybrids carrying the NSm genes were used to inoculate different plant species containing the Sw-5 gene. Thus, we observed that the presence of the NRB NSm Here we also analyzed if the critical Y118 or N120 residues, proposed by López et al. (2011) to be responsible to overcome the Sw-5 resistance, are sufficient to trigger this phenotype. To answer this question we performed a mutational analysis using the RB1
protein that differ only in two residues (N120 or I130) with the corresponding ones of the NRB protein used herein. The analysis revealed that the N120 was required to avoid the hypersensitive response associated to Sw-5-resistant plants but also that this residue negatively affected the cell-to-cell transport in the AMV heterologous system. The conservation of this amino acid in all members of the genus Tospovirus, except in the TSWV resistance-breaking isolates (Lopez et al., 2011) , supports the functional importance AMV experimental system used we cannot rule out the possibility that this fitness cost could be specific of the heterologous system or perhaps overcome through secondary mutations (Sanjuan et al., 2004; Sanjuan et al., 2005) located out of the NSm protein.
Additionally, the change V130I, present in the NSm of most of the TSWV isolates available in databases (503 out 504 sequences), seems to be a positive selected residue for an efficient cell-to-cell viral movement. Our results suggest that the RB isolates will appear only in a I130 background. The fitness penalties is a prerequisite for both the resistance genes (R) and Arv genes in the different models proposed for the coevolution of the host- This was shown in several instances (Goulden et al., 1993; Jenner et al., 2002; Desbiez et al., 2003; Lanfermeijer et al., 2003; Ayme et al., 2006; Agudelo-Romero et al., 2008) although it cannot be generalized because there are examples of virulent strains that are at least as fit as the avirulent ones (Sorho et al., 2005; Chain et al., 2007) . High fitness penalties associated with increased pathogenicity has been inferred for different plant viruses from direct (Fraile et al., 2011) or indirect evidences (Murant et al., 1968; Hanada and Harrison, 1977; Culver et al., 1994; Mestre et al., 2003) . The results presented herein supported a high fitness penalty associated to the RB NSm gene, at least in the AMV Additionally, the observation of different fitness penalties between the two RB NSm would indicate that both genes are evolving to compensate for the fitness loss associated to these amino acid changes (Y118 or N120). If this is the scenario, then the question will be how long it will take for other mutations to appear in RB NSm able to compete (with similar or higher fitness) the NRB NSm in a context in which absence of the resistance gene Sw-5 occurs. Further research will be needed to study this aspect and to confirm if the results obtained with the AMV system could be applied to the TSWV. plus a few micrograms of purified AMV CP as described (Neeleman and Bol, 1999) . For the competition assays, the inoculum contained a mixture of AMV RNAs 1 and 2 plus the three RNA 3 transcripts, at the same concentration, derived from the pRB1:A44/CP, pRB2:A44/CP and pNRB:A44/CP plasmids. P12 and Nt/Sw5-b plants were inoculated as described above and two serial passages at 7 dpi were performed using an extract of the inoculated leaves as inoculum.
EXPERIMENTAL PROCEDURES
Northern blot and Tissue printing assays.
Tissue printing analysis were performed using transversal section of the corresponding petiole, as described previously (Fajardo et al. 2013) . Total RNA was extracted from inoculated (I) and upper (U) not inoculated leaves at 7 dpi and 14 dpi, as described previously (Sánchez-Navarro et al., 1997) . In the case of the upper leaves, the RNA extraction was performed using a mixture of U3, U4 and U5 leaves, in which U1
correspond to that closest to the inoculated leaf. Hybridization and detection was conducted as previously described (Pallás et al. 1998 ) using a dig-riboprobe (Roche Mannheim, Germany) complementary to the AMV 3' untranslated region (UTR). The intensity of the bands was quantified using the ImageJ 1.48c software (http://imagej.nih.gov/ij).
Transient expression of the TSWV MPs in planta and Western Blot assay.
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